Phagocytes are able to generate reactive oxygen species by an activatable NADPH oxidase system. We investigated the inhibition ofNADPH oxidase activation by a methoxy-substituted catechol, apocynin. Oxygen uptake by neutrophils incubated with 300 ttM apocynin was completely inhibited at 7 min after addition of serum-treated zymosan (STZ), with a lagtime of inhibition of 2 to 3 min. The lagtime of effect of apocynin in neutrophils relatively deficient of myeloperoxidase was about 50 % longer when compared with normal cells. Inhibition of the STZ-induced respiratory burst by apocynin was also observed in human eosinophils but not in human alveolar macrophages. Immunoblots of neutrophil membranes, isolated at 2 and 7 min after STZ stimulation of neutrophils, demonstrated translocation of the cytosolic oxidase components p47-phox and p67-phox to the membrane fraction. Translocation at 7 min after STZ stimulation was markedly reduced when the neutrophils had been incubated with 300 ttM apocynin, but translocation was normal after 2 min of stimulation. These properties suggest that apocynin is an intracellular inhibitor of the assembly of NADPH oxidase in neutrophils and eosinophils and that apocynin requires conversion by peroxidases to exert its inhibitory effect. The capacity of neutrophils for intracellular killing of Staphylococcus aureus was not affected by apocynin. The potential therapeutic value of apocynin was demonstrated in vitroby its ability to protect secretory leukocyte proteinase inhibitor from oxidative inactivation by neutrophils.
Phagocytes are able to generate reactive oxygen species by an activatable NADPH oxidase system. We investigated the inhibition ofNADPH oxidase activation by a methoxy-substituted catechol, apocynin. Oxygen uptake by neutrophils incubated with 300 ttM apocynin was completely inhibited at 7 min after addition of serum-treated zymosan (STZ), with a lagtime of inhibition of 2 to 3 min. The lagtime of effect of apocynin in neutrophils relatively deficient of myeloperoxidase was about 50 % longer when compared with normal cells. Inhibition of the STZ-induced respiratory burst by apocynin was also observed in human eosinophils but not in human alveolar macrophages. Immunoblots of neutrophil membranes, isolated at 2 and 7 min after STZ stimulation of neutrophils, demonstrated translocation of the cytosolic oxidase components p47-phox and p67-phox to the membrane fraction. Translocation at 7 min after STZ stimulation was markedly reduced when the neutrophils had been incubated with 300 ttM apocynin, but translocation was normal after 2 min of stimulation. These properties suggest that apocynin is an intracellular inhibitor of the assembly of NADPH oxidase in neutrophils and eosinophils and that apocynin requires conversion by peroxidases to exert its inhibitory effect. The capacity of neutrophils for intracellular killing of Staphylococcus aureus was not affected by apocynin. The potential therapeutic value of apocynin was demonstrated in vitroby its ability to protect secretory leukocyte proteinase inhibitor from oxidative inactivation by neutrophils.
Reactive oxygen species (ROS) are thought to have destructive effects in a number of acute and chronic pulmonary diseases (1) . Increased numbers of neutrophils and macrophages are frequently found in bronchoalveolar lavage fluid in many of these diseases. The cells have the ability to damage lung tissue when appropriate receptors on their cell membrane are stimulated by inflammatory signals. The destruction is probably most pronounced when released proteolytic enzymes and ROS act in a concerted manner (2) .
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Am. J. Respir. Cell Mol. BioI. Vol. 11. pp. [95] [96] [97] [98] [99] [100] [101] [102] 1994 serves as the terminal electron carrier. Two cytosolic proteins, p47-phox and p67-phox, are also essential for oxidase function. Cell stimulation results in the translocation of these proteins to the plasma membrane (4). The active enzyme complex then generates superoxide anion by transfer of an electron from NADPH to molecular oxygen.
The elucidation of the molecular mechanism of NADPH oxidase activation provides/a number of strategies for selective inhibition of superoxide production by leukocytes. Recently, Simons and colleagues (5) reported that methoxysubstituted catechols could inhibit the assembly of a functional NADPH oxidase from cytosolic and membranebound components in a cell-free oxidase system. Interestingly, it was suggested that the methoxy-substituted catechols were only able to exert their effect when preactivated by both ROS and myeloperoxidase (MPO). This would indicate that the compounds are only active at sites of ROS-involved inflammation. One of the most useful methoxy-catechols in their study was apocynin (4'-hydroxy-3'-methoxyacetophenone). This compound was originally extracted from the perennial herb Picrorhizakurroa, which grows in the Himalaya mountains (6) .
The therapeutic potential for reducing the destructive activity of oxidants must be offset by any harm that may result from inhibition of protective actions of oxidants. The importance of oxidants in the antimicrobial activity of phagocytes is best demonstrated in patients with chronic granulomatous disease (CGD) (7) . Phagocytes from these patientsdo not exhibit a respiratory burst upon addition of appropriate signals and, as a result, have deficient antimicrobial activity in oxidant-dependent killing of micropathogens like Staphylococcus aureus (7, 8) .
Proteinase inhibitors in the lung are one of the targets of oxidants (9) . Several studies have demonstrated that the proteinase defense in the lung is reduced in cystic fibrosis and in chronic obstructive pulmonary disease because proteinase inhibitors are oxidatively inactivated (10, 11) . Augmentation of the endogenous functional proteinase defense by reduction of the oxidant burden can be expected to reduce lung tissue damage.
The aim of the present study was threefold. First, we wanted to further clarify the molecular mechanisms of apocynin activity in activated human neutrophils and alveolar macrophages and exclude possible scavenging effects of the compound. Second, we tested the effect of apocynin on S. aureus killing by neutrophils because inhibition of oxidant-dependent bacterial killing by apocynin would be an undesirable effect of this potential therapeutic compound. Finally, we investigated the effect of apocynin on ROS-mediated inactivation of secretory leukocyte proteinase inhibitor by zymosan-stimulated neutrophils. Protection against oxidative inactivation of proteinase inhibitors is one of the potential therapeutic properties we are interested in.
Materials and Methods
Preparation of Cells Human neutrophils were isolated from heparinized blood obtained from apparent healthy adult volunteers, using dextran/Ficoll-Hypaque sedimentation procedure. The cells were washed 2 times and resuspended to I x 10 7 /ml in incubation medium consisting of phosphate-buffered saline (PBS), supplemented with glucose (10 mmol/liter), Ca2+ (1 mmol/liter), and Mg 2 + (1.5 mmol/liter), pH 7.3. Human eosinophils were isolated from peripheral blood as described (12) . In brief, a mixed granulocyte preparation was preincubated (in the absence of Ca2+) with 10 nM formylmethylleucylphenylalanine (FMLP) for 10 min at 37°C and then centrifuged on isotonic Percoll (density: 1.082 g/ml). The pellet fraction consisting of more than 95% pure eosinophils was washed once and resuspended as indicated above.
Alveolar macrophages were obtained from patients who were examined for hemoptysis of uncertain cause. Bronchoalveolar lavage was performed after informed consent. The cells were recovered from the lavage fluid and resuspended to 1 x 10 7 /ml in medium as described above. Viability of all cell preparations was more than 95 %.
Superoxide Production in Activated Phagocytes Neutrophils (1.0 x 10 6 ml) were preincubated for 5 min at 37°C in 1 ml of incubation medium containing 500 p.M lucigenin and concentrations of apocynin, ranging from 3 to 300 p.M. Apocynin (4'-hydroxy-3'-methoxyacetophenone) (Carl Roth, Karlsruhe, Germany) was dissolved in dimethyl sulfoxide (DMSO) 96% to a stock solution of 0.15 M. The cells were stimulated with phorbol myristate acetate (PMA) (100 ng/ml final concentration), cytochalasin B (CB) (2.5 p.g/ ml), and PMA or serum-treated zymosan (STZ) (500 p.g/ ml), respectively. Superoxide anion production was measured in a 25-channel cheminulometer (Bio-Orbit, Turku, Finland). Light emission was recorded in a series of no more than six different cuvettes. Each cuvette was measured during continuous rotation for 10 s at 37°C. After the last cuvette, the rotor was set at the position of the first cuvette for the next series of measurements. The total amount of superoxide in each cuvette produced in a period of 20 min after addition of the stimulus was calculated from the area under the curve. The effect of apocynin is expressed as percent inhibition obtained from values of stimulated cells in the presence of vehicle only (DMSO) or apocynin after subtraction of values from unstimulated cells.
Alveolar macrophages (1.0 x 10 6 /ml) were preincubated for 5 min at 37°C in 1 ml medium containing 500 p.Mlucigenin and concentrations of apocynin, ranging from 0.03 to 3 mM. The cells were stimulated with 500 p.g/ml STZ. Superoxide anion production was recorded during 20 min after addition of the stimulus. The effect of apocynin is expressed as described above.
Effect of Apocynin on Superoxide Anion and Hydrogen Peroxide To evaluate possible scavenging effects of superoxide by apocynin, superoxide was generated in a mixture of hypoxanthine and xanthine oxidase and specifically assayed with lucigenin. The reaction mixture consisted of 690 p.l PBS, 100 p.l hypoxanthine (1.5 mM in 0.1 M Na 2C03 ) , 100 p.llucigenin (500 p.M/test), 100 p.lapocynin (ranging from 0.03 to 1.2 mM/test), and 10 p.l xanthine oxidase (Boehringer, Alkmaar, Holland; tenfold diluted). Scavenging of hydrogen peroxide by apocynin was evaluated in a mixture consisting of 10 p.M luminol and apocynin, ranging from 0.3 to 300 p.M/test in PBS buffer. Light emission in each test was generated by addition of 2.5 nmol hydrogen peroxide.
NADPH Oxidase Activation in STZ-stimulated Neutrophils and Eosinophils
Lucigenin-dependent chemiluminescence and superoxide dismutase-inhibitable cytochrome-c reduction only measure extracellular ROS because these reagents are unableto penetrate into phagocytes (13) . Luminol chemiluminescence is able to detect intra-and extracellular ROS (13) but was found not suitable to test apocynin effects on oxidase activity because hydrogen peroxide is scavenged by apocynin (see RESULTS). Measurements of oxygen uptake by neutrophils were chosen to test the effect of apocynin or both intracellular and extracellular ROS production. Neutrophils (2 x 10 6 /ml) were incubated at 37°C in an oxygraph equipped with a Clark electrode. The signal of the electrode was fed into a personal computer after AID conversion, allowing detailed analysis in time of the rate of oxygen uptake (14) . Depending on the experiment, different reagents were preincubated and equilibrated with the cells for 5 min. The cells were stimulated with 500 p.g/ml STZ. We tested the effect of a final concentration of 300 p.M apocynin and the effect of a mixture of 300 p.M apocynin and 2 mM azide as well as 300 p.M apocynin and 2 mM {3-mercaptoethanol in the preincubation mixture. To all control incubations an equiva-lent concentration of solvent (DMSO) was added instead of apocynin.
Eosinophils were preincubated with 1 J-tM platelet-activating factor (PAF) during 2 min at 37°C to guarantee efficient activation of the eosinophils by STZ (15), followed by another preincubation for 5 min with 300 J-tM apocynin. The cells were stimulated with 500 J-tg/ml STZ, and oxygen uptake was measured in the oxygraph.
Effect of Apocynin on NADPH Oxidase Activation in MPO-deficient Neutrophils
To investigate the involvement of peroxidase activity in apocynin activation, neutrophils were isolated from individuals with MPO deficiency. MPO deficiency was quantified by enzyme-linked immunosorbent assay in celllysates. Incubation of the neutrophils was carried out in an oxygraph as described above. Using the first derivative of oxygen uptake, we determined the time needed to obtain 100 % (two) and 50% (t so) inhibition of oxygen uptake after STZ stimulation in incubations with apocynin.
Further experimental evidence for the role of MPO in metabolic activation of apocynin by STZ-stimulated neutrophils was obtained by the application of neutralizing, highly specific, polyclonal rabbit IgG directed against MPO (a gift from Prof. M. R. Daha, Department of Nephrology, University Hospital, Leiden, the Netherlands). Normal neutrophils were preincubated with 300 J-tM apocynin and 0.5 mg/mlof anti-Ml'O, The cells were stimulated with STZ, and oxygen uptake was measured. The effect of the MPO antibody on two and t so by apocynin was compared with irrelevant rabbit IgG in the same protein concentration.
Immunoblotting of Neutrophil Membranes
To further study the intracellular mechanisms of apocynin activity, immunoblotting of neutrophil membranes was performed. For isolation of neutrophil membranes, neutrophils (7.5 X lQ6/ml) were incubated at 37°C for 5 min in the presence and absence of apocynin (300 J-tM) and CB (5 J-tglml). Cells were stimulated with STZ (1 mglml). After another 2 or 7 min of neutrophil stimulation, each of the cell incubations (75 X 10 6 ) was diluted 5 times with ice-cold PBS, centrifuged (2 min, 500 X g), and resuspended in 1 ml ice-cold sonication buffer (75 mM NaCI, 10 mM Hepes, 1 mM MgClz, 0.5 mM EGTA, 0.17 M sucrose, 5 J-tM GTP"S, 0.5 mM phenylmethylsulfonyl fluoride, 2 mM azide, pH 7.0). After sonication (3 X 15 s at 31 kHz frequency with 8-J-tm peak-to-peak amplitude), postnuclear supernatants were prepared by centrifugation for 10 min at 800 X g. One milliliter of postnuclear supernatant was layered on a discontinuous sucrose gradient consisting of 15 and 40% (wt/vol) sucrose layers. To the layer of 15 % sucrose, the following additions had been made: 1 mM MgClz, 0.5 mM EGTA, 50 mM NaCI, and 5 J-tM GTP"S. After ultracentrifugation (45 min at 10,000 X g), 0.6 ml of the interface of the sucrose layers was frozen as membrane fraction. Western blotting with 100 J-tl of membranes (about 10 7 cell equivalents) loaded on a sodium dodecyl sulfate (SDS) gel (5 to 15% polyacrylamide) was performed as described previously (16), without 0.1% SDS added to the blot buffer. The blot was incubated with a mixture of antisera specific for p47-phox and p67-phox (I,OOO-fold diluted), which had been obtained by immunization of rabbits with synthetic peptides coupled to KLH, containing the C-terminal part of these proteins (SESTKRKLASAVand ATTDLESTRREV, respectively). Bound antibodies were detected by incubation with peroxidase-conjugated sheep anti-rabbit antibodies (Central Laboratory of the Blood Transfusion Service, Amsterdam, the Netherlands) and enhanced chemiluminescence using the Amersham kit (Amersham, Den Bosch, Holland). The anti-47 antiserum did not show a positive band on a Western blot of cytosol obtained from p47-phox-deficient CGD neutrophils, and the anti-p67 antiserum was negative against cytosol of p67-phoxdeficient neutrophils (results not shown). To check for recovery of neutrophil membrane proteins, the same blot was subsequently incubated with the monoclonal antibody 48 directed against gp91-phox, the membrane-bound subunit of the NADPH oxidase (16), followed by goat anti-mouse Ig conjugated to alkaline phosphatase (Promega) and NBT/ BCIP staining (16) .
Bacterial Killing by Neutrophils
The assay to measure killing of S. aureus by neutrophils has been described by van Furth and associates (17) . S. aureus from overnight cultures in nutrient broth No.2 (Oxoid Ltd., Basingstoke, UK) was centrifuged for 10 min at 1,500 X g, washed 2 times with PBS, and resuspended in Hanks' balanced salt solution (HBSS), supplemented with 10 mM Hepes and 0.1% gelatin, to a concentration of 10 X 10 7/ml and 1 X 10 7/ml microorganisms, respectively. Bacteria were incubated with 10% AB serum for 30 min at 37°C under slow rotation (4 rpm), followed by two washes with HBSS, and resuspended to original concentrations. Neutrophils (500 J-tl of 1 x 10 7/ml) were incubated with 500 J-tl of these opsonized bacteria suspensions with and without a final concentration of 300 J-tM apocynin for 3 min at 37°C to allow phagocytosis. The reaction was stopped by transferring the tubes to ice, and the extracellular bacteria were removed by washing. Neutrophils were reincubated in HBSS with either serum and/or apocynin. To measure the rate of intracellular killing at various time intervals, 100-J-t1 samples of the suspension were removed, and after lysing the neutrophils in water containing 01% bovine serum albumin (Oxoid) , the number of viable S. aureus was determined microbiologically, using diagnostic-sensitivity-test agar plates (Oxoid).
Oxidative Inactivation of a Proteinase Inhibitor by Neutrophils Secretory leukocyte proteinase inhibitor (SLPI) is a native elastase inhibitor in the human lung, produced by secretory cells (18) . It is sensitive to oxidative inactivation due to a methionine residue in its active site (19, 20) . To evaluate the effect of apocynin on oxidative inactivation on SLPI by stimulated neutrophils, elastase inhibitory activity was measured in cell-free supernatants of the following incubation mixture. Neutrophils (0.5 X 10 6 in 1 ml of PBS buffer) were preincubated with a final concentration of recombinant SLPI (2 J-tM, 95 % active) and apocynin (3, 30, or 300 J-tM) for 10 min at 37°C in plastic tubes. The effect of apocynin on SLPI was compared with preincubations of SLPI and 100 * Values are mean ± SD, n = 3. ND = not determined. Effect of Apocynin on Superoxide Anion and Hydrogen Peroxide To evaluate possible scavenging of superoxide by apocynin, superoxide was generated in a mixture of hypoxanthine and xanthine oxidase and assayed with lucigenin. Preincubation of apocynin, in final concentrations ranging between 0.3 and 300 /LM, had no effect on superoxide generation by xanthine oxidase.
Luminol was used to assess light emission induced by hydrogenperoxide. When apocynin was preincubated in concentrations ranging between 0.3 and 300 /LM, light emission was clearly inhibited in a dose-dependent fashion (Figure 1 ). This indicates that apocynin is a scavenger of hydrogen peroxide.
Effect of Apocynin on NADPH Oxidase Activation in STZ-stimulated Neutrophils and Eosinophils
It has been postulated that the lack of effect of apocynin on the respiratory burst induced by PMA can be explained by the absence of extracellular MPO activity required for the metabolic activation of apocynin (5). This was supported by our results with alveolar macrophages as described above. If this explanation would be correct, one would expect also a lack of effect on the initial phase of the STZ-induced burst when apocynin conversion has yet to take place. Indeed, when in neutrophils the rate of oxygen uptake was measured to accurately determine changes in NADPH oxidase activity, the effectof apocynin addition was very small during the first 3 min after stimulation with STZ ( Figure 2 ). However, beyond 3 min the STZ-induced oxygen consumption started to decline and was completely inhibited at 7 min after stimulation of the neutrophils (Figure 2) . In a series of four experiments' the calculated values of oxygen uptake after 2 min of STZ stimulation were 8.6 ± 0.6 nmol Oz/min. Superoxide generated by PMA-stimulated cells was only inhibited by 4.6 ± 1.5% in the presence of 300 /LM apocynin.
Preincubation with CB prior to PMA had no additional effect of apocynin on superoxide generation by polymorphonuclear leukocytes. STZ-stimulated alveolar macrophages (1.0 X 10 6/ml) generated a comparable amount of superoxide relative to polymorphonuclear leukocytes. Alveolar macrophages preincubated with 300 /LM apocynin resulted in less than 10% inhibition of superoxide production ( To further investigate the importance of peroxidase activity, we preincubated cells with the inhibitor azide. The presence of 2 mM azide largely prevented inhibition of oxygen consumption by 300 JtMapocynin (Figure 3 ). In the absence of apocynin, azide had no effect on the STZ-induced respiratory burst of neutrophils (Figures 2 and 3) .
It has been shown that human eosinophils also show an STZ-induced respiratory burst, provided they have been primed with PAF to ensure proper binding of the STZ particles (15) . This provided us with another model to test the effect of apocynin on NADPH oxidase activation in the complete absence of MPO activity. The results clearly indicate that the STZ-induced burst was inhibited by apocynin in a similar fashion as in neutrophils (Figure 4 ). Complete inhibition was obtained 7 ± I min (n = 3) after STZ stimulation. Apparently, in these cells the role ofMPO can be taken over by other peroxidases, most likely eosinophil peroxidase.
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Effect of Apocynin on NADPH Oxidase Activation in MPO-deficient Neutrophils
The absence of effect of 300 JtM apocynin to inhibit the respiratory burst of STZ-stimulated alveolar macrophages suggests that MPO activity is required for the effect of apocynin. If this would be correct, one would also expect a similar absence of effect of apocynin in neutrophils deficient of MPa. The effect of apocynin on oxidase activity in neutrophils of three different patients, which contained less than 40% MPO, was compared with cells from three normal individuals. Preincubations of MPO-deficient neutrophils with 300 JtM apocynin delayed the onset of inhibition of oxygen uptake by apocynin after STZ stimulation, as shown in Figure 5 . In these experiments, we determined the time required to obtain 100% inhibition (t UXl ) and 50% inhibition (tso) of oxidase activity by apocynin (Table 2) . Furthermore, application of a highly specific, neutralizing polyclonal antibody directed against MPO in STZ-stimulated normal neutrophils resulted in a similar delay in onset of apocynin effect. The t lOO under these conditions was 11 min, and the tso was 6 min. An irrelevant antibody showed no effect on the kinetics of inhibition by apocynin.
Immunoblotting of Neutrophil Membranes
To investigate the mechanism underlying apocynin inhibition at time of the STZ-induced respiratory burst, the translocation of the cytosolic NAOPH oxidase components p47-phox and p67-phox after STZ stimulation of neutrophils was determined. Figure 6 shows the Western blot with antibodies specific for p47-phox and p67-phox of membranes isolated 2 and 7 min after STZ addition to control and apocynintreated neutrophils. The presence of apocynin clearly suppressed the recovery of these two cytosolic oxidase components in the membrane fraction at 7 min, while the cytosolic components were associated with the membrane fraction obtained 2 min after STZ stimulation. Membranes isolated from PMA-stimulated neutrophils were not susceptible to apocynin addition (data not shown).
Effect of Apocynin on Bacterial Killing by Neutrophils Intracellular killing of S. aureus by neutrophils is not affected by apocynin. When neutrophils (5 X 1()6) were incubated with a similar amount of opsonized S. aureus, 87 ± 5 % (mean ± SO, n = 3) of the bacteria were killed. When 300 JkM apocynin was present in an incubation of neutrophils and opsonized S. aureus, 85 ± 4% (mean ± SO, n = 3) of the bacteria were killed. A tenfold excess of bacteria over neutrophils resulted in 81 ± 6% killing of S. aureus, while preincubation with 300 JkM apocynin showed 83 ± 3% intracellular killing (n = 3, mean ± SO).
Effect of Apocynin on Oxidation Inactivation of a Proteinase Inhibitor by Neutrophils SLPI is susceptible to oxidative inactivation due to a methionine residue in its active site (19) . ROS generated by STZstimulated neutrophils resulted in 55 ± 4 % (mean ± SO, n = 3) inactivation of SLPI activity against purified neutrophil elastase. As can be seen in Figure 7 , preincubation of SLPI with apocynin resulted in partial protection against ROS-induced inactivation, proportional to the apocynin concentration. 
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Discussion
In the present study, we have demonstrated that a methoxy-substituted catechol (apocynin) is a unique inhibitor of superoxide production generated by activated neutrophils and eosinophils. The compound inhibits the assembly of NADPH oxidase by interfering with the intracellular translocation of two cytosolic components, p47-phox and p67-phox, essential for the activity of the oxidase. The immunoblot in Figure 6 clearly shows suppressed association of p47 and p67 with cell membrane fractions of STZ-stimulated cells due to the presence of apocynin. The effect of apocynin was only apparent at 7 min after STZ stimulation, because inhibition by apocynin occurred after a lagtime, as was assessed in the oxygen consumption assay (Figure 2) .
The ability of apocynin to inhibit NADPH oxidase activity appears to be dependent on the type of cell stimulus. Oxidase activity in PMA-stimulated neutrophils is hardly affected by preincubation with apocynin (Thble 1). In contrast, STZ-stimulated neutrophils respond with complete inhibition of oxidase activity after a lagtime ( Figure 2 , Table 2 ). Likewise, neutrophils stimulated with CB plus FMLP were sensitive for apocynin addition (results not shown). This may indicate different intracellular signaling pathways for NADPH oxidase assembly after PMA and receptor-mediated stimulation. However, it has been known for some time that phenols react with ROS and become mediators in inflammatory reactions (21) . Simons and colleagues (5) hypothesized that apocynin required extracellular activation by ROS and MPO before it could exert its inhibitory activity. They based their results largely on observations in the cellfree oxidase system and found that apocynin inhibited oxygen consumption only when it was preexposed to hydrogen peroxide generated from xanthine oxidase activity on hypoxanthine. In our study, three different experiments supported this hypothesis. First, STZ-stimulated human alveolar macrophages, which are MPO deficient (22) , generated superoxide anion that could not be inhibited by apocynin in micromolar concentrations active in experiments with neutrophils. Second, human neutrophils stimulated by PMA release little or no MPO (23) but generate superoxide for a sustained period of time, which could not be inhibited by apocynin. This indicates that 300 JLM apocynin has no detectable scavenging effects. Third, the STZ-induced respiratory burst of neutrophils relatively deficient in MPO was not as sensitive for apocynin as the STZ-induced burst in normal neutrophils. Moreover, the peroxidase inhibitor azide was able to completely prevent the effect of apocynin. The inhibitory effect of apocynin on the burst of stimulated eosinophils suggests that apocynin can also be activated by other peroxidases. This was also observed by Simons and colleagues (5), who found that horseradish peroxidase was able to activate apocynin.
An indication of the mechanism by which activated apocynin exhibits its effect in the neutrophil was obtained by experiments in the presence of i3-mercaptoethanol. The addition of i3-mercaptoethanol prior to STZ stimulation of neutrophils completely prevented the inhibition of oxygen uptake by apocynin (results not shown). Apparently, activated apocynin can be trapped by excess thiol groups. This result indicates that the translocation of p47-phox and p67-phox is suppressed by activated apocynin through conjugation to thiol groups essential for NADPH oxidase assembly. We therefore suggest that the effect of activated apocynin is a N-ethylmaleimide (NEM)-like effect (24) . NEM, a sulfhydryl-modifying reagent, has been shown to block translocation ofp47-phox and p67-phox (4), resulting in the rapid cessation of NADPH oxidase activity (24) . It was outside the scope of this study to further explore the intracellular target of apocynin.
Any potential therapeutic inhibitor of extracellular ROS production should not interfere with bacterial killing. S. aureus frequently causes pyogenic infections in patients with a defective NADPH oxidase (7) . This clinical observation suggests that NADPH oxidase activity is needed for adequate killing of this pathogen. Ellis and co-workers supported this observation by demonstrating that the killing of S. aureus in vitrowas ROS dependent (8) . Neutrophils preincubated with 300 JLM apocynin killed S. aureusas efficiently as did control cells. This suggests that the oxidase in phagolysosomes is less sensitive to deactivation by thiol reagents than cell membrane-associated oxidase. A similar difference in sensitivity of oxidase activity was found by Dahlgren and Sundqvist (25) in studies with NEM. They showed that the rate of deactivation of NADPH oxidase is higher when the oxidase system is localized on the plasma membrane than when it is localized on the phagosomal membrane. In experiments with the particulate stimulus STZ (Figure 2 ), oxygen consumption was completely inhibited after 7 min. The differential effect of apocynin on intracellular and extracellular ROS production could in principle be investigated by comparing lucigenin-and luminol-dependent chemiluminescence. However, the latter assay cannot be applied in the case of apocynin because generated hydrogen peroxide is scavenged by apocynin (Figure 1) . Possibly, the lagtime of3 min before apocynin has effect on ROS production is sufficient to allow S. aureuskilling by neutrophils. Furthermore, other oxidants like nitric oxide appear to be important in bactericidal killing as well (26) .
The potential destructtV'e activity of neutrophils seems most pronounced when both NADPH oxidase and the release of granule constituents are triggered by inflammatory stimuli (27) . Protection against oxidative inactivation of antiproteinases may be a valuable therapeutic approach in certain inflammatory diseases. SLPI is thought to be a potential therapeutic elastase inhibitor in cystic fibrosis and pulmonary emphysema (28) . Apart from augmentation of proteinase inhibitor concentrations in the lung, protection against oxidative inactivation of endogenous proteinase inhibitors like SLPI and <Xl-antitrypsin may also be a useful approach in these diseases. In this respect, it is reported that oxidation of methionine residues in SLPI and <Xl-antitrypsin is due to generation of hypochlorus acid or chlorinated amines by the MPO/HzOz/chloride system of these cells, which is absent in macrophages (9, 29, 30) . In this study, neutrophil-mediated inactivation of SLPI was inhibited in vitroby apocynin, rendering it a potential therapeutic tool in the treatment of neutrophil-induced lung injury.
